This paper presents an overview of the current status of Higgs boson measurements from the ATLAS and CMS experiments at the LHC. First, the Higgs boson mass, couplings, CP and spin analyses will be discussed. Proton-proton collisions data at the centre-of-mass energies of 7 TeV and 8 TeV have been used for these studies. Finally, preliminary Higgs boson cross-section measurements at the centre-of-mass energy of 13 TeV are presented.
Introduction
The study of the mechanism of the electroweak symmetry breaking is one of the main goals of the ATLAS [1] and CMS [2] detectors at the CERN Large Hadron Collider (LHC). The Englert-Brout-Higgs mechanism [3] [4] [5] introduces a complex doublet scalar field to achieve the symmetry breaking. This theory predicts the existence of a neutral scalar boson, commonly called the Higgs boson. The Standard Model (SM) does not predict the mass of the Higgs boson particle. However, with the knowledge of its mass, the production cross section and branching ratios can be calculated. The Higgs boson-like particle discovery was announced by the ATLAS and CMS collaborations in July 2012 [6, 7] . Measurements of its properties have been performed using LHC proton-proton data from years 2011 and 2012 (Run 1). The collision data sets correspond to approximately 5 fb −1 at the centreof-mass energy of √ s = 7 TeV and 20 fb −1 at √ s = 8 TeV. Results from Run 1 have shown a good agreement with the predictions of the SM. More precise measurements are planned using new LHC data at the centre-ofmass energy of √ s = 13 TeV (Run 2). The integrated luminosity usable for physics analyses collected during the first year of Run 2, 3 fb −1 contains only a small amount of data compared to Run 1. However, due to the higher centre-of-mass energy, the production cross sections increase with respect to Run 1. Nevertheless, more precise measurements will become possible once more data is available.
The paper is organised as follows: The ATLAS and CMS detectors are briefly introduced in Section 2. The results of the combined measurement of the Higgs boson mass using the ATLAS and CMS experiments are presented in Section 3. The measurements of the Higgs boson production and decay rates, and the constraints on its couplings based on a combined ATLAS and CMS analyses are discussed in Section 4. The results of the Higgs boson spin and CP measurements, as published by the CMS Collaboration, are shown in Section 5. Preliminary Run 2 cross-section measurements using the ATLAS detector are presented in Section 6. The results are summarised in Section 7.
ATLAS and CMS detectors
ATLAS and CMS are both multipurpose particle detectors with a cylindrical geometry. One of the important differences between the detectors comes from the magnetic field which defines the size of the detectors. The CMS detector is a compact detector being 21 m long with a diameter of 15 m, whilst the ATLAS detector is a significantly larger apparatus with a length of 46 m and a diameter of 25 m. The magnetic field of ATLAS is formed by a superconducting solenoid providing a 2 T axial magnetic field in the inner tracker and by a system of three large superconducting air-core toroid magnets providing the magnetic field for the muon spectrometer. In contrast, the magnetic field of the CMS detector is formed by a single superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. The inner detector and also the calorimeter system are located inside the solenoid.
The ATLAS experiment uses precise silicon detectors (pixel detectors and silicon strips) close to the beam pipe and a transition radiation strawtube tracker, which is used to enhance the electron identification, in the outer region. The CMS inner detector is based solely on silicon detectors, using pixel detectors in the area closest to the beam pipe and strip trackers in the outer region.
The ATLAS and CMS experiments take advantage of different calorimeter technologies. The CMS calorimeter system is formed by homogeneous lead-tungstate crystal electromagnetic calorimeter and a brass/scintillator hadron calorimeter. The ATLAS experiment uses sampling calorimeters for both the electromagnetic and hadronic calorimeters. The electromagnetic calorimeter is formed by a highly segmented lead/liquid-argon (LAr) sampling calorimeter. Similar technology is used to measure the hadronic showers in the end-caps (copper/LAr) and to record the electromagnetic and hadronic showers in the forward regions (copper/tungsten/LAr). The hadronic showers in the central region (|η| < 1.7) are measured using iron/ scintillating tile technology.
For ATLAS, the muon spectrometer is placed in the toroidal magnetic field. It is designed to measure muons in the pseudorapidity range up to |η| = 2.7. Monitored drift-tube chambers and cathode strip chambers are used as precision chambers, whilst resistive plate chambers and thin gap chambers are used as trigger chambers. For the CMS detector, muons are measured in gas-ionization detectors (drift-tube chambers and cathode strip chambers) that are embedded in the steel flux-return yoke outside the solenoid.
Higgs boson mass
The Higgs boson mass m H has been measured independently by the ATLAS and CMS collaborations using proton-proton collisions data from Run 1 in several decay channels. Channels with the best mass resolution (H → γγ and H → ZZ → + − + − ) are used for the combined measurement of the ATLAS and CMS experiments [8] to improve the precision.
The H → γγ channel can be characterised by a narrow resonance above a large falling background. The typical yields are several hundreds of events as can be seen in figure 1 . The main background comes from the SM continuum diphoton production. The photon+jet and dijet production also contribute to the background, especially in the case jet fragments into π 0 s.
The H → ZZ → + − + − channel, where , stands for an electron or a muon, is denoted as H → ZZ → 4 in the following. In contrast to the previous channel, the yields represent only few tens of events per experiment. The background is very low with a signal-to-background ratio above one. The largest background comes from the continuum (Z +Z ( * ) /γ * ) production.
The measurement of m H and its uncertainty is based on the maximisation of profile-likelihood ratios Λ(α) in the asymptotic regime [9, 10] where L represents the likelihood function, α the parameters of interest and θ the nuisance parameters. The nuisance parameters are related to the systematic uncertainties, to the fitted parameters of the background models and to any unconstrained signal model parameters. The latter two are incorporated into the statistical uncertainty. The termsα,θ denote the unconditional maximum likelihood estimates of the best-fit values for the parameters, while the termθ(α) is the conditional maximum likelihood estimate for a fixed value of α parameter.
In order to make the mass measurement as independent as possible of the SM assumptions, three signal strength parameters have been introduced in the fit. The signal strength is defined as the ratio between the measured cross section times branching ratio and between the corresponding SM expectation. Two independent factors are used in the H → γγ channel -one for the production processes involving Higgs boson couplings to fermions (gluon fusion and associated production with a top-anti-top pair) and the other one for processes involving couplings to vector bosons (vector boson fusion and associated production with a vector boson). Almost no sensitivity to the production mechanisms other than gluon fusion is observed in the H → ZZ → 4 channel and, therefore, only a single signal-strength parameter is used in this channel.
The Higgs boson mass measurement based on the combination of the ATLAS and CMS results leads to m H = 125.09 ± 0.21(stat.) ± 0.11(scale) ± 0.02(other) ± 0.01(theory) GeV .
(2) The total uncertainty is dominated by the statistical term. The systematic uncertainty is divided into different terms where the dominant one is related to the electron/muon energy/momentum scales and resolutions (denoted as "scale"). Other systematic sources have only a very minor effect on the mass measurement. The results of the Higgs boson mass measurements performed by the individual experiments as well as the combined values are shown in figure 2.
[ Compatibility tests have been performed to check the consistency between measurements in different decay channels and between the two experiments. The four measurements (two different decay channels in two experiments) have shown an agreement within 2σ. The combined measurement of the Higgs boson mass improves the results of the individual experiments and leads to currently highest precision.
Higgs couplings and signal strength
Results of the combined ATLAS and CMS measurement of the Higgs boson production and decay rates using Run 1 data [12] are presented in this section. The production modes, which have been studied, are gluon fusion (ggF), vector boson fusion (VBF), and associated production with vector bosons (V H) and with a top-anti-top pair (ttH). The decays involving a coupling to bosons (H → ZZ → 4 , H → W W → ν ν, H → γγ) and to fermions (H → τ τ , H → µµ, H → bb) have been considered. The Higgs boson mass has been fixed to m H = 125.09 GeV.
Measurements of the signal strengths
The signal strength parameter for the given production and decay mode (i → H → f ) is defined as
where σ i and BR f are the respective measured production cross section for i → H and branching ratio for H → f . The subscript "SM" refers to their respective Standard Model predictions, µ f i = 1 by definition in the SM. The simplest assumption is to restrict the signal strength parameters µ i and µ f to the same value for all production processes and decay modes. In this case, a global signal strength parameter has been extracted from data with the best fit value of µ = 1.09
−0.10 . The largest uncertainties come from the statistical term and the theoretical uncertainty on the gluon fusion cross section. The measured signal strength is consistent with the SM expectation within 1σ.
The strict assumption of the global signal strength is very model-dependent. This assumption has been relaxed separately for the production cross sections and the decay branching ratios to allow tests in a less model-dependent way. First, the Higgs boson branching ratios are fixed to the SM values (µ f = 1) and the five production modes have been treated with independent signal strengths as shown in figure 3 (a) . Next, the production cross sections are assumed to be the SM one, while the decay signal strengths have been fitted, see figure 3 (b). The unitarity (Σ BR f = 1) is ensured by the fact that the total width is included in the couplings parametrisation.
The observed significances of the VBF production process and of the H → τ τ decay has been measured to be at the level above 5σ. The measured significance of the V H production process has been above 3σ in the combination. The largest difference with respect to the SM expectations has been found for the ttH production where the combined significance is 4.4σ and only 2.2σ is expected. 
Constraints on the Higgs boson couplings
An example of an analysis of a more generic model based on the coupling modifiers is discussed here. The coupling modifiers are used to interpret the LHC data using specific modifications of the Higgs boson couplings related to new physics beyond the SM. The measured signal yield can be parametrised as
where Γ H denotes the total width of the Higgs boson and Γ f the partial width of the Higgs boson decay to the final state f . The symbol κ stands for a set of coupling modifiers which are used to parametrise potential deviations from the SM predictions. The modifiers κ are defined for a given production process or decay mode denoted j as follows
By definition, all κ j values are positive and equal to unity in the SM. The SM cross section and branching ratios are taken to the best knowledge in the higher-order QCD and EW corrections.
The rates of the Higgs boson production in the various decay channels are inversely proportional to the Higgs boson width, which is sensitive to invisible or undetected Higgs boson decays predicted by many beyond Standard Model theories (BSM). The assumptions on the Higgs boson width are necessary. Two scenarios are discussed in this section. In the first one, the Higgs boson is not allowed to have any BSM decay (BR BSM = 0). In the second one, the BR BSM parameter is left free, but it assumes that κ W ≤ 1 and κ Z ≤ 1. The BSM physics might occur in the loops of the gg → H production and in the H → γγ decay. These processes are particularly sensitive to loop contributions from new heavy particles. These can be probed by using the effective coupling modifiers. The parameters of interest are seven independent coupling modifiers (one for each SM particle involved in the production processes and decay channels studied) plus BR BSM in the case of the second fit. The results of the fits are shown in Table I for both scenarios. No deviations from the SM predictions have been observed for all parametrisations considered.
Higgs spin and CP
The study of the spin and parity of the Higgs boson has been performed in ATLAS [13] and CMS [14] collaborations. In the following, the details of the CMS measurements are given.
The spin and parity measurements have been performed in H → ZZ → 4 , H → γγ and H → W W → ν ν decay modes using LHC data from Run 1. In the case of the resonance with a non-zero spin, its polarisation depends on the production mechanism. Consequently, a non-trivial correlation of the kinematic distributions of production and the decay would be observed for a resonance with non-zero spin. In contrast, there is no such direct correlation due to polarisation for a spin-zero resonance. Moreover, the kinematics of the leptons in the V V → 4 or V V → ν ν (V denotes either Z or W ) decay is affected by the initial polarisation of the resonance and the tensor structure of the HV V interactions.
The full kinematic information is available for the H → ZZ → 4 decay. The kinematics is commonly described by five angles (figure 4) and three invariant masses (masses of the two dilepton pairs and of the four-lepton system). The kinematic variables are measured with small experimental uncertainties in this channel. In the case of the H → W W → ν ν decay, a part of the kinematic information is lost due to the two neutrinos. However, the V -A nature of the W → ν coupling leads to more pronounced kinematic effects. Fig. 4 . Illustration of the angles used in the spin-parity analysis of the Higgs boson decay to two vector bosons. The two production angles θ * and φ 1 are shown in the X rest frame (X stands either for a Higgs boson or an exotic particle). The three decay angles θ 1 , θ 2 and φ are defined in the V rest frames. Taken from Ref. [14] .
The spin-parity analysis of the H → γγ decay has been studied in the context of the exotic spin-two hypothesis tested with respect to the SM hypothesis. However, only one angle θ * out of the five shown in figure 4 has been used in this case. Its distribution is isotropic in the boson frame for any spin-zero model and, therefore, such models cannot be distinguished.
The parametrisation of the multidimensional distribution as a function of the parameters of interest would be required in the analysis of a large number of observables (eight in the case of the H → ZZ → 4 channel). This is rather difficult due to strong correlations between the observables. An alternative method, based on a matrix element likelihood approach, is used in order to reduce the number of observables. This retains full information for the measurements of interest. In this approach, the kinematic information is stored in a discriminant which is designed for the separation of the background, the alternative signal components and interference between those components. This approach has been used in the H → ZZ → 4 channel where different spin hypotheses are tested. A similar approach is also possible in the H → W W → ν ν, but the construction of the discriminants is more challenging because of the presence of unobserved neutrinos.
Using the above approaches, a wide range of spin-two models has been excluded at a confidence level of 2.5σ or higher. Any mixed-parity spin-one state has been excluded in the ZZ and W W modes at a confidence level greater than 4σ. All observations are consistent with the expectations for the Standard Model Higgs boson with the quantum numbers J P C = 0 ++ . Similar conclusions have been drawn by the ATLAS experiment, details of the analysis can be found in Ref. [13] .
6. Cross-section measurements at √ s = 13 TeV
The strategy of analysing first data at the centre-of-mass energy of 13 TeV differs between the ATLAS and CMS experiments. Whereas the CMS Collaboration plans to re-discover the Higgs boson at 13 TeV and leaves the crucial signal regions blinded until sufficient statistics is collected, the ATLAS experiment has measured the Higgs boson production cross sections in the discovery channels H → γγ [16] and H → ZZ → 4 [15]. The latter measurements are discussed in this section.
The total cross section σ tot can be expressed as
where N S is the number of observed signal events, L int stands for the integrated luminosity, B is the branching ratio of the considered Higgs boson decay, A is the kinematic and geometric acceptance in the fiducial region, and C is a detector correction factor which accounts for trigger, reconstruction and identification efficiencies and reconstruction resolution. The signal yield in the H → γγ channel is estimated from the fit of the signal and background model. The signal model is described by the sum of a Crystal Ball and a Gaussian function. The steeply falling background contribution is fitted by an analytical function based on the templates built from the fast simulation samples. The distributions of the diphoton invariant mass from these templates are fitted in the same range as the data with a signal plus a background model. Since no signal is present in those background-only samples, the resulting number of signal events from fits is taken as an estimate of the bias in a particular background model under test. Only models with a reasonably small bias are taken into account. The exponential of a second order polynomial fulfils the required conditions on the background model. The extracted (expected) signal yields are N S = 113 ± 74(stat.) The results of the two cross-section measurements and their combination together with results from Run 1 are shown in Table II . The compatibility of the combined measurement at 13 TeV and the SM prediction [18] has been found to be 1.3σ. 
Conclusions
Several measurements of the Higgs boson properties using proton-proton data from Run 1 are discussed in this paper. The combined measurement of the Higgs boson mass using the ATLAS and CMS detectors provides the currently most precise value of m H = 125.09 ± 0.24 GeV. A combined ATLAS and CMS result is available also for the Higgs boson couplings and signal strength measurements. The global signal strength has been found to be µ = 1.09 +0.11 −0.10 which is in a good agreement with the SM expectations. Several parametrisations allowing contributions from particles beyond SM have been tested, but no evidence of any deviation from the SM has been found. The measurement of the spin and parity of the Higgs boson performed by both ATLAS and CMS experiments have each shown a good agreement with a SM-like Higgs boson with J P C = 0 ++ .
The preliminary cross section of the Higgs boson production at the centre-of-mass energy of 13 TeV has been measured in ATLAS. The measured cross sections again show agreement with the SM predictions within the uncertainties. More collisions data are expected to be delivered in Run 2 during next years and these will provide yet more precise measurements.
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